Dynamic structure factors for Na c K 1 − c liquid metallic alloys and pure components are studied by molecular dynamics simulations. Large values of Landau-Placzek ratio for four compositions of the liquid alloy are analyzed by wave-number dependent contributions from relaxation and propagating processes within the generalized collective modes method. The origin of the large Landau-Placzek ratio for liquid alloys is discussed.
I. INTRODUCTION
Theoretical and simulation studies of dynamic properties of liquids are of great interest because of permanent improvement of resolution of inelastic x-ray scattering (IXS) technique, 1 which brings important information about atomic dynamics outside the hydrodynamic regime. On macroscopic space and time scales, the hydrodynamic theory, which is in fact a continuum approach, 2, 3 predicts dynamic structure factors S(k, ω), where k and ω are wave number and frequency, respectively, that contain two Brillouin side peaks (centered at nonzero frequency) in addition to the central Rayleigh one at ω = 0. In both pure and binary liquids, these side peaks stem from acoustic collective excitations over hydrodynamic ranges of wave numbers and frequencies. On the other hand, two relaxation processes connected respectively with thermal and mutual diffusivities contribute to the central peak in binary mixtures, while only the first one does, of course, in a pure liquid. In the specific case of pure liquid metals, the side peaks of the dynamic structure factor are well pronounced in agreement with a rather small Landau-Placzek ratio of integrated intensities of the central and side peaks 4, 5 I central 2I side = (γ − 1).
As an example, the ratio of the specific heats, γ , lies between 1.06 and 1.15 1 in the case of liquid alkali metals; this means that I side , the integrated intensity of Brillouin peaks, is from 3 up to 8 times as large as I central , the one of the Rayleigh peak. The case of binary alloys seems to be strongly different. Indeed, for very small momentum transfer, scattering experiments on liquid Na-Cs, 6 K-Cs, 7 and Na-K 8 alloys show a very strong central peak and either small side peaks or shoulders in the shape of the scattered intensities depending on resolution of the experiment. However, in spite of these striking experimental facts, the issue of the relative intensities of the central and side peaks of S(k, ω) in the case of liquid alloys has not been discussed so far in the literature. a) Author to whom correspondence should be addressed. Electronic mail:
bryk@icmp.lviv.ua.
Collective dynamics of liquid alloys is also of great interest because of the contributions of many non-hydrodynamic (kinetic) effects observed beyond the hydrodynamic regime in molecular dynamics (MD) simulations, as well as in inelastic x-ray and neutron scattering experiments. These effects include propagating non-hydrodynamic modes like so-called "fast sound" in a disparate-mass binary liquid alloys, 9, 10 or optic-like modes deduced from scattering experiments on Li 0.3 Bi 0. 7 11 and Na 0.57 K 0.43 8 alloys. In this study we are mainly interested in non-hydrodynamic relaxation processes and their contributions to the central peak of S(k, ω). The most obvious non-hydrodynamic relaxation process in liquids is the structural relaxation and one of the most interesting issues is how its contribution is compared to the ones from hydrodynamic relaxation processes outside the hydrodynamic regime. It is obvious that the structural relaxation causes deviation from the standard Landau-Placzek ratio for binary liquids 3 that takes into account only hydrodynamic processes.
The only theoretical method of analysis of collective dynamics of liquids that permits to separate contributions from different relaxation and propagating collective modes to various time correlation functions and corresponding dynamic structure factors is the approach of generalized collective modes (GCM). 12, 13 This method is based on an extension of hydrodynamic set of equations by additional ones that permits to describe non-hydrodynamic processes and their coupling in local approximation with hydrodynamic modes. The output of the GCM analysis is a set of wave-number-dependent dynamic eigenmodes and corresponding eigenvectors that define mode contributions to dynamic structure factors in a studied window of frequencies and wave numbers. The GCM approach in connection with MD simulations is nowadays one of the most powerful and reliable methods of analysis of collective dynamics in disordered systems. Numerous analytical GCM results on non-hydrodynamic processes such as opticlike modes, 14 heat waves, 15 "positive dispersion" of sound, 16 or structural relaxation 17, 18 give new insight into origin of different non-hydrodynamic modes and their contributions to the time correlation functions on the boundary of hydrodynamic regime. Contributions from the optic-like modes and "fast sound" modes in a wide range of wave numbers to the total and partial dynamic structure factors were studied intensively within the GCM approach before, however a little is known about the different contributions from relaxation processes to the central peak of dynamic structure factors for binary and many-component liquids outside the hydrodynamic region. Namely, these contributions in the long-wavelength limit are connected with the Landau-Placzek ratio. 3 Therefore, our aim was to perform the GCM analysis of collective dynamics of a binary liquid alloy, estimate leading contributions to the central peak of S(k, ω), and compare them with the case of pure liquids.
The paper is organized as follows: in Sec. II, we will shortly describe the details of our MD simulations and GCM analysis. Section III will contain the analysis of the relaxing dynamic eigenmodes in liquid alloys obtained within an eight-variable thermo-viscoelastic model and their contributions to the central peak of total dynamic structure factor, and Sec. IV will summarize the conclusions of this study.
II. METHOD

A. Molecular dynamics simulations
We performed MD simulations of model systems of pure Na and K as well as of Na c K 1 − c liquid alloys with c = 0.2, 0.4, 0.6, and 0.8 at temperature 373 K. At this temperature just above Na melting point, both pure metals and the four alloys are liquid according to the phase diagram. Considering the same temperature ensures to only observe composition effects. This could be important since diffusion properties have shown to be very sensitive to temperature. Each system in simulations was containing 4000 particles under periodic boundary conditions in standard microcanonical ensemble with number density matching the experimental value. The effective pair interactions were obtained from Fiolhais' pseudopotentials 19 and Ichimaru-Utsumi local field correction. 20 The reliability of this model had been tested in a previous study of static properties of liquid Na-K alloys at temperature 373 K. 21 Although more recent local-field factors exist in the literature (see Ref. 22 , for instance), their impact has been shown to be negligible, at least as far as static properties are concerned. 23 The cut-off radius of effective pair potentials was 20 Å, which was 25% larger than in our previous study. 21 Higher cut-off was needed for a better representation of energy and heat fluctuations, which were sampled directly in MD simulations with the purpose of subsequent GCM analysis of collective dynamics.
In our simulations, the time step was 10 fs and the production runs were 300 000 steps long. Each sixth configuration was used to evaluate the static averages and time correlation functions. Thus, the elements of the generalized hydrodynamic matrix are computed with an accuracy high enough to avoid any unphysical behavior of the dynamic eigenvalues, as required by the GCM approach. Twenty k-points were considered when estimating k-dependent quantities. The smallest k-values reached in the current study were in a range from 0.09 Å −1 (for pure K) to 0.11 Å −1 (for pure Na). Averages were performed over all the wavenumbers with identical absolute values but different directions. Dynamic structure factors were calculated as numerical Fourier transforms of total density time autocorrelation functions, F(q, t), for each pure component ( Fig. 1 ) and of
for each liquid alloy (Fig. 2 ). This latter function corresponds to Bhatia-Thornton's definition of number-number dynamic structure factor and differs from the experimentally measured quantities in the weighting by the diffusion lengths. The relative intensities of central and side peaks show completely different behaviors. For pure liquid K and Na in the region of small wave numbers, one observes pronounced Brillouin side peaks and a relatively small value of S(k, ω = 0), which is defined by thermal diffusivity according to hydrodynamic theory. The relative intensities of central and side peaks are pictured by Landau-Placzek ratio (Eq. (1)) with values of γ being close to unity for liquid metals. In this study we are interested mainly in the wavenumber region k < 1 Å −1 , because the Landau-Placzek ratio corresponds to hydrodynamic picture, while for large wavenumbers the non-hydrodynamic structural relaxation is responsible for leading contribution to the central peak in pure liquids. As it is seen from Fig. 2 in liquid alloys the central peaks of dynamic structure factor S tt (k, ω = 0) have large amplitudes for all the studied compositions, so that the side peaks can only be distinguished on a logarithmic scale.
B. GCM approach
The essential difference between pure metals and alloys in the contributions to the central and side peaks is studied here by the theoretical GCM approach. For pure liquid metals, the GCM analysis of time correlation functions was performed within a five-variable (thermo-viscoelastic) dynamic model
for the case of longitudinal dynamics. Particle density n(k, t), density of longitudinal mass-current J L (k, t), and energy density ε(k, t) are the hydrodynamic variables defined as follows:
Here, N and m are the number and mass of particles, and ε j is the single-particle energy of the j-th particle, which can easily be calculated in the case of effective pair potentials such as those used in our MD simulations. The dotted dynamic variables are the extended ones and represent the first time derivatives of the corresponding hydrodynamic variables (Eq. (4)).
In order to study the alloys within the same level of approximation for the treatment of fast processes, we restricted the basis set of dynamic variables to the first derivatives of energy and partial currents. Hence, binary alloys were studied within the following eight-variable dynamic model:
for the case of longitudinal dynamics. All the dynamic variables were easily sampled straight during the MD simulations. Their time evolution has been used to estimate the (in general case 8 × 8) matrix of their time correlation functions F(k, t) with elements
Note that energy density and extended variables connected with energy flux were sampled in our simulations -hence our dynamic models represented consistent extension of hydrodynamic description avoiding any fit. This is one of the advantages of actual study because almost all theoretical and simulation studies of collective dynamics in liquids except GCM either ignore heat fluctuations in the analysis or take them into account using some fitting parameters. 1 Having the matrix of time correlation functions with all the elements calculated in MD simulations one can generate the generalized hydrodynamic matrix
is the matrix of Laplace-transformed correlation functions in Markovian approximation. The generalized hydrodynamic matrix was calculated for each k-point sampled in MD and corresponding eigenvalues were estimated. We recall that as many eigenvalues as considered dynamic variables are to be determined. As we will see, they can be either pure real eigenvalues (relaxation modes), d β (k), or pairs of complex conjugated ones (propagating modes)
Thus, the real part, σ α (k), of a complex eigenvalue describes the damping of the corresponding collective excitation, while its imaginary part, ω α (k), accounts for its dispersion. Moreover, it may happen that two real eigenvalues merge into a pair of complex ones at a given k-value, or vice versa.
III. GCM ANALYSIS OF CONTRIBUTIONS TO THE DYNAMIC STRUCTURE FACTORS IN NA-K LIQUID ALLOYS
A. Generalized thermodynamic quantities
We will present the calculated generalized (i.e., wavenumber-dependent) thermodynamic quantities needed in the subsequent analysis of the collective dynamics in liquid alloys. The generalized thermodynamic quantities involving heat fluctuations are shown in Fig. 3 . The generalized linear thermal expansion coefficient, α T (k), behaves almost identically in the long-wavelength region, whatever the composition, while the sequence of maxima versus composition is similar to that of total static structure factor in the region of their first sharp diffraction peak. An interesting feature is observed in the wavenumber-dependence of the generalized specific heat at constant volume C V (k). In the atomic-scale region (at large wave numbers), C V (k) clearly decreases with increasing Na concentration. On the other hand, on macroscopic distances (C V (k = 0) values are given in Table I ), it is no more monotonously changing with concentration, but rather reflects the behavior of S cc (k = 0)/c(1 − c) as accurately determined in Ref. 21 , which reveals an influence of the chemical order on this quantity. We should also mention that the limiting values agree with those obtained directly from thermal fluctuations during the MD runs. The generalized ratio of specific heats, γ (k), is also very important for the analysis of collective dynamics in liquid alloys. It reflects coupling between thermal and viscous processes on different space scales. It is important to note that the obtained macroscopic values γ (k → 0) (see Table I ) change gradually from 1.06 in the case of pure K to 1.12 for liquid Na, in nice agreement with experimental data for pure components. 
B. Generalized relaxation modes
For binary liquid alloys we obtained in the longwavelength region four real eigenvalues and two pairs of complex-conjugated eigenvalues while approximately for k ∼ 0.5Å −1 another complex-conjugated pair of eigenvalues emerged and was stable for all higher wave numbers. This additional low-frequency pair of complex-conjugated eigenvalues replaced in the spectrum two real eigenmodes that were mainly connected with heat fluctuations, hence in- dicating the origin of the low-frequency branch of propagating modes as heat waves. 15, 24 The heat waves are nonhydrodynamic excitations and therefore they cannot exist in the long-wavelength region while can be important for heat transport on nanoscales.
In Fig. 4 three most important lowest real eigenvalues (relaxing modes) obtained for compositions c = 0.2 (top frame) and c = 0.6 (bottom frame) are shown. The mode d 2 is mainly of thermal origin and for k > 0.5Å −1 it disappears from the spectrum of eigenmodes being replaced by heat waves. The relaxation process d 3 (k) has complete analogy in pure liquids and is connected with structural relaxation. This is a non-hydrodynamic relaxation process that tends to a non-zero value in the long-wavelength limit:
where D L is kinematic viscosity, c ∞ and c s are the highfrequency and adiabatic speeds of sound. Comparing the relaxing eigenmodes of binary alloys with the standard case of pure liquids one has to mention that there appears an additional slow relaxation process d 1 (k) with hydrodynamic asymptote ∼k 2 in the long-wavelength limit. The lowest relaxing mode is shown in the longwavelength range for each composition in Fig. 5 . According to its parabolic behavior, this collective mode represents a hydrodynamic process that is absent in pure components. In binary liquids, only two relaxing modes have asymptotes ∼k 2 in the hydrodynamic limit:
where coefficients D j are obtained as:
where D 12 and D T are mutual and thermal diffusivity, respectively, and the factor ζ describes the coupling between heat and concentration fluctuations and depends on thermal diffusion ratio, specific heat at constant pressure C p , and factor Z(k = 0), which is connected with the long-wavelength limit of static concentration-concentration structure factor. 3 In case of very weak coupling between concentration and heat fluctuations, these two relaxing modes can solely be ascribed to relaxing concentration mode
and heat mode
The latter is analogous to the hydrodynamic heat mode connected with thermal diffusivity in pure liquids. From the k 2 asymptotes shown in Fig. 5 , the relaxing eigenvalues can be fitted to the corresponding hydrodynamic asymptotes with values D 1 , which are in reasonable agreement with the mutual diffusivities calculated directly from MD data in Ref. 21 . This is another evidence that coupling between concentration and heat fluctuations is quite small in Na c K 1 − c liquid binary alloys especially for low concentrations. This perhaps gives evidence that there is stronger effect of thermal fluctuations on behavior of the lowest relaxing collective modes and that approximate expressions (8) and (9) cannot be used for higher concentrations of K for precise calculation of mutual and thermal diffusivities. The increasing effect of thermal fluctuations with concentration of K is supported by the increasing values of the ratio of specific heats shown in Table I . 
C. Mode contributions to dynamic structure factors
One of the important advantages of the GCM approach over the other theoretical analysis schemes is the possibility to represent the density-density time correlation functions of liquids (and corresponding dynamic structure factors) as a separable sum of contributions from hydrodynamic and nonhydrodynamic collective modes. The expression for GCM replicas with real weight coefficients estimated from eigenvectors associated with each eigenvalue writes:
The number of terms in this expression is defined by the number of relaxing, N relax , and propagating, N prop , eigenmodes via In the case of pure components, the leading contributions to the density time autocorrelation functions are shown in Fig. 6 . In complete agreement with hydrodynamics, the symmetric contribution of sound excitations and that of thermal relaxation process tend to 1/γ and (γ − 1)/γ in the longwavelength limit, respectively. For pure K and Na, the difference in the ratio of specific heats γ (see Table I ) is reflected in the little difference between corresponding contributions in Fig. 6 . Hence, the strong manifestation of the Brillouin peaks in dynamic structure factors of pure liquid K and Na shown in Fig. 1 is connected with close-to-unity values of γ for both liquid metals. The non-hydrodynamic process of structural relaxation does not contribute to S(k, ω) in long-wavelength limit, however its contribution to the central peak becomes predominant for k > 0.5 Å −1 . In the same region, thermal processes do not contribute significantly to S(k, ω). Leading mode contributions for two compositions of the Na c K 1 − c liquid alloy are shown in Fig. 7 , where a striking difference with the mode contribution in the case of pure liquid metals can be seen. For binary liquid alloys, the main contribution to the central peak of S tt (k, ω) comes from the relaxation process connected mainly with mutual diffusivity d 1 (k). This large contribution completely changes the mutual strengths of relaxation and propagating processes, known as Landau-Placzek ratio, when compared to the case of pure liquid metals. The expression of Landau-Placzek's ratio of binary liquids derived from the GCM mode contributions in the long-wavelength limit
explains the shape of MD-derived total dynamic structure factors shown in Fig. 2 . Extrapolating the mode contributions to k → 0, we can estimate the Landau-Placzek ratio according to (Eq. (11) However, the representation of GCM-replicas via real weight coefficients (10), as it was suggested in Ref. 25 , is more informative because it allows to separate the parts responsible for the height (coefficients B α ij (k)) and asymmetry (coefficients D α ij (k)) of the side peaks in the shape of dynamic structure factors S ij (k, ω). Moreover, the fitting scheme proposed in Ref. 8 for analyzing the IXS experiment made use of only the first three sum rules. On the other hand, expression (10) within the A (8) (k, t) basis set yields GCM replicas fulfilling at least six sum rules for partial density-density time correlation functions: five for short-time behavior and another one for the corresponding correlation time. Another interesting issue is on the contributions from the non-hydrodynamic structural relaxation, i.e., generalized mode d 3 (k), to the central peak of dynamic structure factors. It is seen from Fig. 7 that this non-hydrodynamic process becomes important already for k ∼ 0.2 Å −1 , and its contribution increases with wave number reaching the same value as from the extended hydrodynamic mode d 1 (k) close to k ∼ 1 Å −1 . This means that outside the hydrodynamic regime mainly two modes contribute to the central peak of total dynamic structure factor: extended hydrodynamic mode d 1 (k) connected mainly with mutual diffusivity and non-hydrodynamic mode of structural relaxation d 3 (k). The contributions from thermal processes outside the hydrodynamic region are negligible. This means that the heat waves cannot be detected in the spectrum of density fluctuations for metallic liquid binary alloys.
In Ref.
3, another expression of the Landau-Placzek ratio as a function of thermodynamic quantities has been reported. Its generalization to wave-number-dependent thermodynamic quantities allows us to use the MD-calculated values of linear thermal expansion coefficient, generalized specific heats, and their ratio, shown in Fig. 3 . The N − C dilatation δ(k) and Z(k)-factor are directly connected to the Bhatia-Thornton static structure factors. 21 Hence we were able to calculate also the generalized Landau-Placzek ratio from generalized thermodynamic quantities as follows:
In Fig. 8 , we show the generalized Landau-Placzek ratio of pure components and four compositions of the liquid Na c K 1 − c alloy. It is remarkable that these generalized Landau-Placzek ratios reach much larger values in the case of binary alloys, in agreement with the GCM analysis performed before, which impute this situation to slow relaxation mode, connected mainly with mutual diffusivity. The k → 0 limits are in very good agreement with the corresponding values calculated via the mode-contributions amplitudes (Eq. (11)) and shown in Table I , giving evidences of the applicability of both approaches to estimate the Landau-Placzek ratio in binary liquids.
IV. CONCLUSION
We have studied the composition dependence of relaxation modes and their contributions to dynamic structure factors for four concentration of binary liquid alloy Na c K 1 − c and pure liquid metals K and Na. Time correlation functions derived in molecular dynamics simulations were analyzed by extended dynamic models of generalized hydrodynamics within the approach of generalized collective modes. The main conclusions of this study can be formulated as follows.
(i) In comparison with one-component liquid metals, the binary liquid alloys Na c K 1 − c contain a slow relaxation mode, which is mainly defined by mutual diffusivity. This relaxation mode is making the main contribution to the central peak of total dynamic structure factor. (ii) It has been shown that the Landau-Placzek ratio for binary alloys Na c K 1 − c can be calculated by two ways: using generalized thermodynamic quantities or GCM amplitudes of mode contributions from relaxation processes and sound excitations to the total dynamic structure factors. (iii) The composition dependence of the Landau-Placzek ratio permits to explain correctly the shape of dynamic structure factors obtained in MD at different concentrations.
Considering that Na-K is a rather random mixture with no marked chemical order, it would be interesting to extend this study to either homo-or hetero-coordinated alloys. Another interesting issue is to study evolution of contributions from relaxation processes to S tt (k, ω) in binary liquids versus density, especially in supercritical region where it is possible to change the density in very broad range. For the case of dense binary gases a kinetic approach based on revised Enskog theory can be applied in the study of relaxation processes. In Ref. 26 analytical expressions for partial time correlation functions of binary systems were obtained within the revised Enskog theory, but satisfying correct short-time behavior only to some level. It seems possible to separate in those expressions contributions from thermal and diffusion processes, estimate their strengths and compare with the results obtained by the GCM approach in this study. Another possibility is to understand how the relaxation processes connected with Enskog's diffusion coefficient 27, 28 can be related to some of generalized collective modes obtained from extended hydrodynamic GCM approach. This will be studied elsewhere. 
